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Abstract 
Hypolithic habitats are important for the persistence of fauna that utilize these habitats as 
refuges and resource patches. Little is known, however, about the composition and structure 
of this community in the semi-arid Karoo. The current study therefore aims to explore the 
patterns and processes behind hypolithic communities, through determining the effect of rock 
size and baboon presence on the hypolithic community, the influence of rock size on the 
microclimate experienced under rocks, as well as determining the short- (over five days) and 
long- (over 12 months) term colonisation of the hypolithic habitat following a rock rolling 
disturbance, in a semi-arid Karoo environment. The hypolithic fauna encountered, and the 
temperature and moisture content experienced under a range of rock sizes were measured. 
Additionally, hypolithic fauna under rocks that were rolled to mimic rock rolling by baboons 
were sampled after a set period (i.e. over five days and 12 months). Large rocks were found 
to provide a more stable microclimate than small rocks. The probability of hypolithic fauna 
presence was influenced by rock size and season, and hypolithic fauna abundance (except in 
the dry season), richness, body size and biomass did not correlate with rock size. Additionally, 
the probability of detecting hypolithic fauna under intermediate sized and larger rocks was 
greater in the presence of baboons than in the absence of baboons, and in the presence of 
baboons hypolithic fauna richness increased with rock size.  Furthermore, it was shown that 
hypolithic fauna abundance and biomass did not differ under rolled rocks over a short- (i.e. 
over five days) or long- (i.e. over 12 months) term period. The short-term colonisation of 
hypolithic habitats was not influenced by season or rock density. Lastly, most of the change 
in hypolithic community composition (over 12 months) occurred in the first three months and 
thereafter the hypolithic community composition approached pre-disturbance levels in month 
12. The hypolithic habitat was shown to be influenced by a variety of conditions and processes 
affecting hypolithic community composition and structure. This study therefore contributes to 
our understanding of the hypolithic invertebrate community in the eastern Karoo, and the 
influence of rock size, baboon presence, microclimate and colonisation on hypolithic 
community composition and structure. 
Keywords: hypolithic habitat; refuge; rock-rolling predators; hypolithic community; semi-arid 
Karoo; microclimate; rock size; baboon presence; short-term colonisation; long-term 
colonisation 
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CHAPTER 1 
GENERAL INTRODUCTION 
The hypolithic habitat, which can be found at the soil-rock interface, provides a key habitat for 
a wide variety of organisms (Mani 1968; Goldsbrough et al. 2003). These organisms, whether 
they depend wholly on this habitat, or use them intermittently, are referred to as the hypolithic 
fauna (Chan et al. 2012). In arid and semi-arid environments, where droughts are frequent 
(Vogel 1994) and fauna are exposed to daily and seasonal temperature extremes (Lindsey & 
Skinner 2001), hypolithic habitats are particularly important because they provide protection 
from these environmental extremes. Hypolithic habitats provide relatively stable temperatures, 
elevated moisture, and serve as a refuge from desiccation, heat and radiation (Chan et al. 
2012). This habitat also provides refuge from predation by those predators that are unable to 
roll rocks, such as the aardvark (Orycteropus afer), jackal (Canis mesomelas) and aardwolf 
(Proteles cristata; Cooper 1979; Hiscocks 1987; Dean & Turner 1991). As a consequence, the 
local faunal diversity in arid and semiarid environments may be a function of the availability 
and stability of hypolithic habitats (Warren‐Rhodes et al. 2013). Conversely, hypolithic habitats 
also serve as a resource patch for predators that are able to roll rocks, of which chacma 
baboons (Papio ursinus) are the best known example in southern Africa (Davidge 1978; King 
& Cowlishaw 2009). Other examples of predators who roll rocks include Japanese black bears 
(Ursus thibetanus japonicus) in the Ashio area, Nikko National Park, Japan (Yamazaki et al. 
2012), bush pigs (Potamochoerus larvatus) in Kibale Forest, Uganda (Ghiglieri et al. 1982), 
and brown bears (Ursus arctos) in the Cantabrian Mountains in Southwestern Europe (Blanco 
et al. 2011).  
The determinants of the hypolithic community composition and structure are not well-
understood but may reflect the nature of the patch (size, etc.), the environmental conditions 
(temperature, etc.) or predator disturbance (rock movement). Hypolithic communities have in 
recent years attracted some interest among scientists due to their occurrence in deserts (Chan 
et al. 2012; Pointing 2016). However, most of these studies have focussed on the microbial 
fauna in this community (e.g. Cowan et al. 2010; Cowan et al. 2011; Chan et al. 2012; Stomeo 
et al. 2013; Warren‐Rhodes et al. 2013). This study therefore sets out to assess the nature of 
the hypolithic invertebrate community and its dynamics in the eastern Karoo by measuring 
hypolithic community composition and structure, and the conditions and processes 
determining these community patterns. 
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The hypolithic habitat 
The soil habitat can be broadly divided into three sub-habitats, the endogeic, anecic and 
epigeic habitat (Bidattul Syirat 2014). The endogeic habitat can be found between the soil 
surface and 15 cm below the surface, and the anecic habitat can be found below the endogeic 
habitat (Chaoui & Ehsani 2004). The epigeic habitat can be found at the soil surface, and the 
fauna that occupy this habitat are known as surface-dwellers, for example beetles, 
earthworms, spiders, etc. (Chaoui & Ehsani 2004; Naujok & Finch 2004; Scott et al. 2006; 
Yadav & Mullah 2017). Epigeic fauna consume plant material, prey on other epigeic fauna and 
feed on dead and decaying plant and animal parts (Coddington & Levi 1991; Wise 1995; 
Shipitalo & Le Bayon 2004; Hadden 2014). Consequently, these fauna are vital in maintaining 
ecosystem processes, such as nutrient cycling (Giller 1996; Yadav & Mullah 2017). Epigeic 
fauna are particularly sensitive to environmental extremes (Majer 1990), thus a major 
constraint to their survival is their exposure to high ultraviolet solar radiation, as well as 
temperature extremes and changes in humidity (Vega & Kaya 2012).  
Rock substrates, also known as lithic habitats, which can be broadly divided into 
endolithic, epilithic and hypolithic habitats, form part of the epigeic habitat (Table 1.1; Antony 
et al. 2012). In arid environments, lithic habitats are exposed to extreme aridity, high ultraviolet 
radiation, strong winds and fire (Couper & Hoskin 2008; Chan et al. 2012; Stomeo et al. 2013). 
In aquatic environments, lithic habitats are exposed to high flow and substratum movement 
(Gjerløv et al. 2003), and in polar environments, lithic habitats are exposed to high ultraviolet 
radiation, extreme cold, strong winds and freeze–thaw events (Broady 1981; Cockell & Stokes 
2006; Quesada & Vincent 2012). However, endolithic and hypolithic habitats are less exposed 
to these extremes than epilithic habitats (Cary et al. 2010; Antony et al. 2012) and are able to 
support fauna (Goldsbrough et al. 2003; Couper & Hoskin 2008; Cowan et al. 2010). Fauna 
have been found to utilize these lithic habitats in response to aridity, which also allows them 
to reduce exposure to solar radiation and water loss (Rohr & Palmer 2013). Fauna thus utilize 
these habitats to provide protection from environmental variables (Dean & Turner 1991; 
Schlesinger & Shine 1994). Fauna also utilize these habitats to avoid predation, with their 
exposure to predation being greater in epilithic habitats, compared to endolithic and hypolithic 
habitats (e.g. Dean & Turner 1991; Schlesinger & Shine 1994).  
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Table 1.1: The different habitats that make up the lithic habitat, where they occur and 
examples of the fauna found in these habitats (Antony et al. 2012).   
Name Occurrence Examples 
Endolithic Inside rock borrows, 
cracks/fissures, and 
cavities 
Lizards and snakes (Schlesinger 
& Shine 1994; David 2000) 
Epilithic On the rock surface Ants, beetles, butterflies, crickets, 
flies, silverfish, spiders, etc. (Mani 
1968) 
Hypolithic Beneath the rock Ants, beetles, centipedes, 
millipedes, scorpions, spiders, 
ticks, etc. (Mani 1968) 
 
Hypolithic habitats can be found at the soil-rock interface (Quesada & Vincent 2012) 
and may occur in any environment (aquatic and terrestrial) where rocks exist (Pointing 2016). 
Hypolithic habitats provide a sheltered environment beneath the rock (Couper & Hoskin 2008; 
Quesada & Vincent 2012), providing protection from short- and long-term biological and 
environmental variables (Couper & Hoskin 2008). Hypolithic colonisation can therefore be 
viewed as a stress avoidance strategy (Dean & Turner 1991; Main 2000). For example, in the 
Karoo, many species of ants build their nests beneath rocks, thus gaining defence against 
predation from ant-eating predators, such as aardvarks, as well as protection from thermal 
extremes (Dean & Turner 1991).  
 
The hypolithic fauna 
Hypolithic habitats support microbial fauna (Chan et al. 2012), as well as mesofauna (fauna 
of intermediate size (< 2 mm), e.g. ticks) and macrofauna (fauna visible to the naked eye (> 2 
mm), e.g. beetles; Mani 1968; Dean & Turner 1991; Goldsbrough et al. 2003; Smith & Bradford 
2003). The fauna found in this habitat include invertebrates (8 classes) and vertebrates (2 
classes). These fauna play many important ecological roles, contributing to a healthy, 
functioning ecosystem (Table 1.2).
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Table 1.2: The classification, common names, ecological roles and other shelters used by fauna found in hypolithic habitats.  
Phylum Class Orders Common names Ecological roles 
Other 
shelters 
used 
References 
Annelida Clitellata Oligochaeta Earthworms Decomposer, breakdown organic 
matter and recycle nutrients; and 
disturb sediments. 
On the soil 
surface, and 
in soil. 
Brussaard 1997 
Mollusca Gastropoda Neritopsina, 
Eupulmonata, 
Littorinimorpha, 
Sorbeoconcha, 
Architaenioglossa, 
etc. 
Snails and slugs Predators, feeding on many fauna; 
herbivores, feeding on plant 
material; and prey, important prey 
items to many fauna. 
On soil 
surface, and 
under leaf 
litter. 
Contrafatto & 
Minelli 2009 
Arthropoda 
 
Arachnida Opilioacariformes, 
Parasitiformes and 
Acariformes 
Mites and ticks Decomposers, breakdown dead 
organic material and recycle 
minerals. 
Most 
aquatic and 
terrestrial 
shelters. 
Walter & Proctor 
1999; Vacante 
2015 
  Araneae Spiders Predators, control insect 
populations. 
Many 
shelters. 
Coddington & 
Levi 1991; Wise 
1995 
  Scorpiones Scorpions Predators, feeding on a variety of 
fauna. 
In soil, on 
trees, and 
under logs. 
Yang et al. 
2012; Izzat-
Husna et al. 
2014 
Chilopoda Scutigeromorpha, 
Lithobiomorpha, 
Craterostigmomorpha, 
Scolopendromorpha 
and Geophilomorpha 
Centipedes Predators, feeding on a large 
variety of fauna; and prey, 
important prey items for ground 
beetles and large spiders. 
Under logs, 
bark and 
leaf litter, 
and in moss 
and soil. 
 
Richards 1995; 
Osman 2013; 
Hadden 2014 
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Phylum Class Orders Common names Ecological roles 
Other 
shelters 
used 
References 
Diplopoda Spirostreptida, 
Spirobolida, Julida, 
Glomerida, 
Sphaerotheriida, etc. 
Millipedes Decomposers, breakdown of leaf 
litter and decaying wood and 
recycle organic debris. 
Under logs, 
bark and 
leaf litter, 
and in moss 
and soil. 
Richards 1995; 
Niwa et al. 2001; 
Bergholz 2007; 
Hadden 2014 
 Entognatha Collembola Springtails Decomposers, recycle plant litter 
and nutrients. 
Under leaf 
litter and 
decaying 
wood. 
Christiansen 
1992; Potter 
1998 
Insecta Archaeognatha Bristletails Pollen feeders and predators, 
control insect populations; and 
decomposers, recycle nutrients. 
Under leaf 
litter. 
Nardi 2009 
Blattodea Cockroaches Decomposer, breakdown dead 
organic material; and scavengers, 
feeding on many fauna. 
Under leaf 
litter and 
decaying 
wood. 
Nardi 2009 
  Coleoptera Beetles Predators and consumers, feeding 
on many fauna, plant tissue and 
fungi; and decomposers, 
breakdown decaying and rotting 
wood. 
Many 
shelters. 
Hadden 2014 
  Dermaptera Earwigs Predators and consumers, feeding 
on insects, plant tissue and dead 
plant material. 
In soil, and 
on plants. 
Potter 1998; 
Peck 2001; 
Costa 2006 
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Phylum Class Orders Common names Ecological roles 
Other 
shelters 
used 
References 
Diptera Flies Pollinators and decomposers, 
recycle nutrients; predators, 
preying on pests; and prey, 
important prey items for 
insectivorous birds, spiders and 
other fauna. 
Under leaf 
litter and 
decaying 
wood. 
Hadden 2014 
  Hemiptera True bugs Predators, feeding on many fauna; 
herbivores and fungivores; feeding 
on plants and fungi; and promote 
soil aeration.  
In soil, 
under leaf 
litter, and on 
leaves and 
stems. 
Nardi 2009 
Hymenoptera Sawflies, wasps, 
bees, and ants 
Predators and parasites, regulating 
insects; decomposers, breakdown 
dead organic material; and 
contributes to soil disturbance. 
Many 
shelters. 
Dean & Turner 
1991; Ettema & 
Wardle 2002; 
Resh & Cardé 
2009 
Isoptera Termites Decomposer, breakdown organic 
matter, recycle nutrients; and 
disturb sediments. 
Under logs 
and leaf 
litter. 
Brussaard 1997; 
Nardi 2009 
Lepidoptera Butterflies and 
moths 
Pollinators and herbivores, feeding 
on leaves, woody material and 
flowers. 
Under leaf 
litter and 
decaying 
wood, and 
on plants. 
Willmer 2011 
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Phylum Class Orders Common names Ecological roles 
Other 
shelters 
used 
References 
Neuroptera Lacewings, 
mantidflies, 
antlions and 
their relatives 
Nectarivores and predators, 
feeding on many fauna. 
On plants, in 
bark 
crevices, 
and under 
leaf litter. 
Coe et al. 1950 
  Orthoptera Grasshoppers, 
locusts and 
crickets 
Decomposers, breakdown organic 
matter; and scavengers and 
predators, feeding on many fauna. 
Under logs 
and leaf 
litter, and in 
soil. 
Nardi 2009 
  Thysanura Silverfish Pollen feeders and predators, 
control fauna populations; and 
decomposers, recycle nutrients. 
Under leaf 
litter. 
Dunn 1996; 
Nardi 2009 
Malacostraca Isopoda Woodlice and 
their relatives 
Decomposers, breakdown organic 
materials; and predators, feeding 
on many fauna. 
Under logs, 
bark and 
leaf litter, 
and in moss 
and soil. 
Richards 1995; 
Paoletti & 
Hassall 1999 
Chordata Reptilia Squamata Lizards and 
snakes 
Predators, feeding on many fauna; 
herbivores, feeding on plant 
material; and prey, important prey 
items to many fauna.  
In soil, and 
on soil 
surface. 
Sites et al. 2011 
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Phylum Class Orders Common names Ecological roles 
Other 
shelters 
used 
References 
Mammalia Eulipotyphla Hedgehogs, 
gymnures, 
solenodons, 
desmans, 
moles, shrew-
like moles and 
true shrews. 
Predators, feeding on many fauna; 
herbivores, feeding on plant 
material; prey, important prey 
items to many fauna; and promote 
soil aeration. 
In trees and 
soil, and 
under leaf 
litter. 
Stone 1995; 
Kays & Wilson 
2009 
  Rodentia Mice, rats, 
squirrels, prairie 
dogs, 
chipmunks, 
porcupines, 
beavers, guinea 
pigs, hamsters, 
gerbils and 
capybaras. 
Decomposers, recycle nutrients; 
predators, feeding on many fauna; 
herbivores, feeding on plant 
material; prey, important prey 
items to many fauna; and promote 
soil aeration. 
 
On soil 
surface, and 
in trees and 
soil. 
Stuart & Stuart 
2001 
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Factors influencing the hypolithic community 
Abiotic factors  
Hypolithic communities are exposed to environmental variations such as changes in moisture 
availability, wind speed, temperature and fire (Couper & Hoskin 2008; Cowan et al. 2010). 
However, the overlying rocks characteristics affects the level of exposure to these 
environmental variations. For example, although hypolithic habitats provide relative protection 
from these environmental variations, hypolithic fauna may experience fluctuations in 
temperature and moisture, depending on rock size. This is because rock size influences the 
degree to which these environmental variables are attenuated (Huey et al. 1989; Dean & 
Turner 1991; Goldsbrough et al. 2003). Dean & Turner (1991) showed that daily variations in 
temperature under large rocks (> 2 kg) are less extreme than under small rocks (< 2 kg). This 
is because large rocks have a larger thermal capacity than small rocks, which reduces 
fluctuations in temperature (Figure 1.1). Huey et al. (1989) also showed that soil under large 
rocks was moister than under small rocks, because large rocks have larger indentations than 
small rocks, which increases infiltration rates. However, there is a gap in our understanding of 
the relationship between rock size and hypolithic community composition and structure. Dean 
& Turner (1991) showed that ants inhabited larger rocks and avoided smaller rocks in the 
summer due to microclimate conditions. However, they only looked at 11 species of ants, and 
no other hypolithic fauna. This study therefore aims to gain insight into the relationship 
between rock size and hypolithic community composition and structure, and the influence of 
rock size on the microclimate experienced under rocks. 
Figure 1.1: The influence of stone mass on the median daily temperature experienced under 
rocks in the semi-arid Karoo in the summer and winter seasons (From Dean & Turner 1991).  
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Other factors that may influence the exposure of the hypolithic community to 
environmental variations include rock colour, type and shape (Huey et al. 1989; Dean & Turner 
1991; De Figueiredo & Poesen 1998). In previous studies, Dean & Turner (1991) found that 
temperatures experienced under black (in colour) and sandstone rocks were higher than under 
silver (in colour) and quartzite rocks (Figure 1.1 & Figure 1.2), and that soil moisture content 
under quartzite rocks was higher than under sandstone rocks. Therefore, rock colour and type 
influences temperatures and soil moisture experienced under rocks. For example, sandstone 
rocks, and rocks that are darker than the surrounding soil adsorb more solar radiation resulting 
in the soil beneath the rock staying warmer for longer (Dean & Turner 1991). Secondly, soil 
under quartzite rocks appears to retain water more effectively than under sandstone rocks, as 
sandstone rocks are more porous (Dean & Turner 1991). Huey et al. (1989) found that 
temperature under thin rocks is higher than under thick rocks (Figure 1.3). De Figueiredo & 
Poesen (1998) also found that soil moisture was greater under rounded rocks compared to 
rectangular rocks. Therefore, rock shape influences temperatures and soil moisture 
experienced under rocks. For example, heat is transferred faster from the top to the bottom of 
a flat rock compared to a rounded rock. Secondly, rounded rocks have a greater runoff than 
rectangular rocks, and thus more water can infiltrate the area under the rock (De Figueiredo 
& Poesen 1998).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: The influence of rock colour on the median daily temperature experienced under 
rocks in the semi-arid Karoo in the summer and winter seasons (NS: not significantly different, 
*: significantly different; From Dean & Turner 1991). 
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Figure 1.3: The influence of rock shape on the temperature gradients experienced under rocks 
(Tair: air temperature, Qcond: heat flux due to conduction, QIR,sky: heat flux due to longwave 
radiation, Qsolar: heat flux due to solar radiation; From Huey et al. 1989).  
 
Biotic factors  
Rocks are disturbed (moved, rolled, removed, etc.) by both animals and man. Humans are 
responsible for rolling and removing rocks for habitat clearance and urban development, which 
has major implications for the hypolithic fauna (Webb & Shine 2000). For example rock 
movement by humans in Australia significantly contributed to the decline of the broad-headed 
snake (Hoplocephalus bungaroides; Shine & Fitzgerald 1989). 
Rocks are disturbed incidentally by animals, such as livestock. Nyssen et al. (2006) 
found that rockfall on scree slopes was mainly induced by livestock trampling, which plays a 
significant role in slope development. They found that these rocks were about 6 cm in length 
(intermediate axes length). Govers & Poesen (1998) also found that significant movement of 
rock fragments were induced by animals, with rock size ranging from 2 to 5 cm.  
There are few animal species that move and disturb rocks as part of their foraging 
strategy. Bush pigs move boulders aside with their snouts and eat the organisms found 
beneath them (Ghiglieri et al. 1982). Brown bears (Blanco et al. 2011), as well as Japanese 
black bears (Yamazaki et al. 2012), turn over rocks to feed on ants. Japanese black bears 
have been found to turn over a mean of 5.6 stones (50 cm diameter) every 5 min, and spend 
28.17 seconds licking stones and the hypolithic patch (Yamazaki et al. 2012). Vervet monkeys 
(Chlorocebus pygerythrus) have also been seen moving rocks and eating hypolithic fauna 
(McFarland 2017 pers. comm.). However, the best-known example in southern Africa is the 
chacma baboon (Davidge 1978; King & Cowlishaw 2009). Baboons access invertebrate and 
vertebrate species by moving rocks (Bolwig 1959; Dean & Turner 1991; King et al. 2009). For 
example, baboons in the central Namibian desert, feed on a variety small invertebrates by 
turning over rocks (King & Cowlishaw 2009). It has been suggested that baboons roll about 
12 
 
ten rocks per day per individual, with rock sizes ranging from 105 cm2 to 1224 cm2 (Davidge 
1978; Maré et al. 2019). However, no attempt has been made to better understand the rock-
rolling process, as there is not enough information on rock-rolling predators, in particular 
chacma baboons. This study therefore aims to gain insight into the effect of baboon presence 
on the hypolithic community, and colonisation of the hypolithic habitat following this rock-rolling 
disturbance. 
 
Rationale and Objectives 
Hypolithic habitats are clearly important for the persistence of fauna that utilize these habitats 
as refuges and serve as important resource patches to rock-rolling predators. However, little 
is known about the composition and structure of this community and the conditions and 
processes determining community patterns in the semi-arid Karoo. The current study therefore 
aims to gain insight into the nature of this community and its dynamics, in the Eastern Karoo, 
South Africa.  
Firstly, chapter two will provide a description of the hypolithic community, assess the 
effect of rock size and baboon presence on the hypolithic community, and assess the influence 
of rock size on the microclimate experienced under rocks. This chapter includes a description 
of the study site. Chapter three assesses the short- and long-term colonisation of the hypolithic 
habitat following a rock-rolling disturbance. Lastly, chapter four integrates the findings into a 
concluding discussion. This chapter reviews the findings of the study, examines the studies 
limitations and provides direction for future research. This dissertation is presented in journal 
manuscript form, thus there is some repetition in content in each chapter.  
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CHAPTER 2 
CHARACTERISING THE HYPOLITHIC HABITAT AND COMMUNITY 
Introduction 
In arid and semi-arid environments, many faunal species inhabit lithic (rock) habitats (Main 
2000; Goldsbrough et al. 2003; Couper & Hoskin 2008; Antony et al. 2012). The use of lithic 
habitats as a refuge is an adaptive response to aridity, which allows organisms to avoid 
exposure to solar radiation and reduce water loss (Couper & Hoskin 2008; Rohr & Palmer 
2013). The hypolithic habitat in particular, provides a sheltered environment beneath the 
overlying rock, thereby offering a refuge that is relatively protected from short- and long-term 
fluctuations in environmental variables (Couper & Hoskin 2008; Quesada & Vincent 2012). 
These variables include extreme aridity, temperature extremes, strong winds and fire. 
Furthermore, hypolithic habitats provide protection against predators that are unable to roll 
rocks, such as the aardvark (Orycteropus afer; Dean & Turner 1991). Fauna are therefore 
able to avoid these abiotic and biotic stresses by colonising hypolithic habitats (Chan et al. 
2012).  
Hypolithic habitats support a diverse range of fauna (referred to as the hypolithic fauna; 
Goldsbrough et al. 2003; Couper & Hoskin 2008), most of which are invertebrates (Main 2000; 
Goldsbrough et al. 2003), that are particularly vulnerable to changes in the environment (e.g. 
temperature and humidity; Kremen et al. 1993; Bourn & Thomas 2002). This is mainly due to 
the invertebrates’ low dispersal rates, short life-spans, the restriction of their specific niches 
and their inability to remain dormant for long periods (Kremen et al. 1993; Bourn & Thomas 
2002). Although hypolithic habitats provide relative protection from environmental extremes, 
the hypolithic fauna remain vulnerable to fluctuations in temperature and moisture, depending 
on the sheltering rock characteristics. In addition, hypolithic fauna remain vulnerable to 
predation by predators that forage under rocks. Hypolithic habitats thus serve as a resource 
patch for predators that can access the fauna under rocks, of which chacma baboons (Papio 
ursinus) are the best-known example in southern Africa (Davidge 1978; King & Cowlishaw 
2009). Baboons have been shown to roll about ten rocks per day per individual, with rock sizes 
ranging from 105 cm2 to 1224 cm2 (Davidge 1978; Maré et al. 2019). However, little is known 
about the hypolithic habitat and community, or the effect of baboon presence on this habitat 
in the semi-arid Karoo of South Africa. Here, I explore these three aspects at two sites in the 
eastern Karoo.  
In the semi-arid Karoo environment, fauna are exposed to harsh environmental and 
biological variables. Consequently, I expect hypolithic habitats in the semi-arid Karoo to 
support a wide range of hypolithic faunal species. Species richness, however, is likely to vary 
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with rock size, and in the presence and absence of baboons. For instance, according to the 
species-area relationship, the number of species occupying a patch should increase with 
patch size (Arrhenius 1921; Rosenzweig 1995). In this case, larger rocks should support more 
fauna as they have more stable microclimates, more resources, and provide more 
shelter/protection (less likely to be rolled by baboons), therefore promoting species richness 
(Dean & Turner 1991; Sinclair et al. 2001; Goldsbrough et al. 2003). In contrast, the 
intermediate disturbance hypothesis, suggested by Connell (1978), states that frequent 
disturbance will reduce the number of species colonising a patch, allowing only a few pioneer 
species to become established. Alternatively, if disturbances are infrequent, it will result in a 
lower number of species colonising a patch due to competitive exclusion by competitively 
superior species. Accordingly, species richness is maximised at intermediate disturbance 
frequencies, which allows for the coexistence of competitors (Connell 1978). In this case, 
fauna under smaller rocks may be exposed to environmental extremes/baboon presence, 
while those under larger rocks may be sheltered/protected; fauna under intermediate sized 
rocks may be less exposed but not completely sheltered from environmental extremes/baboon 
presence, thus promoting species richness.  
Here I aim to describe the hypolithic community and determine the effect of rock size 
on the hypolithic community in the presence of baboons. Additionally, I aim to determine the 
effect of baboon presence on the hypolithic community. This was done by measuring the 
hypolithic fauna encountered under a range of rock sizes in two seasons (in the presence of 
baboons) and in the presence and absence of baboons. The focus was on the larger (≥ 5 mm 
in length) fauna as these fauna are assumed to potentially attract baboon predation. Four 
hypotheses were tested (1) no change in the number of hypolithic fauna species across rock 
sizes, (2) the number of hypolithic fauna species will increase with rock size (according to the 
species-area relationship), (3) the number of hypolithic fauna species will be greater under 
intermediate sized rocks (according to the intermediate disturbance hypothesis), or (4) the 
number of hypolithic fauna species will be less under intermediate sized rocks in response to 
rock size-specific predation (Figure 2.1). This approach was also applied to hypolithic fauna 
abundance, body size and biomass (in the presence of baboons). Furthermore, I explore how 
rock size influences the microclimate environment of hypolithic habitats by measuring the 
temperature and moisture content under different sized rocks. I predict that the microclimate 
under larger rocks will be more stable, relative to smaller rocks, as these areas are buffered 
by the larger size of the overlying rock. In the absence of any information or hypotheses 
regarding seasonal influences on the hypolithic community, but in the light of the expectation 
that these might differ, the patterns in the wet and dry season are presented. 
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Figure 2.1: Four hypotheses used to explain the relationship between hypolithic fauna 
(characterised in terms of abundance, richness, body size and biomass) and rock size, (1) no 
change in hypolithic fauna, (2) constant increase in hypolithic fauna, (3) hypolithic fauna reach 
a maximum at intermediate rock sizes, but decline towards the extremes, and (4) hypolithic 
fauna decrease under intermediate sized rocks. The area between the dashed lines 
represents rock sizes preferred by baboons, as described by Maré et al. (2019).  
 
Study site  
This study took place in Samara Private Game Reserve (SPGR; 32°22’S, 24°52’E) and in 
Blake Ridge Farm (BRF; 32°49’S, 24°87’E), located outside Graaff-Reinet in the Eastern Cape 
Province, South Africa (Figure 2.2). The reserve and farm lies on the shale-dominated 
Beaufort bedrock group, which has been extensively intruded by Karoo dolerite (Turner 1981; 
Visser 1986). This group is made up of sedimentary rocks (created by both rivers and lakes), 
such as mud-rock and subordinate sandstone and occasional carbonates (Day & Rubidge 
2014).  
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Figure 2.2: Location (highway: thick black line; main roads: thin black lines; other roads: thin 
grey lines) of Samara Private Game Reserve (shaded area) and Blake Ridge Farm (black 
star) within the Eastern Cape Province, South Africa.  
  
The region receives 300 to 400 mm mean annual rainfall. The wet season occurs from 
October to March and the dry season occurs from April to September. The region experiences 
mean maximum temperatures of 27°C and mean minimum temperatures of 10°C. The coldest 
month is July (mean minimum - 4°C), while December and January are the hottest months 
(mean maximum - 34°C; Pasternak et al. 2013; De Fortier et al. 2014).  
SPGR hosts many medium- and large-sized mammalian species (De Fortier et al. 
2005), but there have been no formal surveys of the small mammals and the reptile, amphibian 
and insect communities. At the time of this study, recorded large mammal species included 
25 herbivores, four carnivores and two omnivores (De Fortier et al. 2014). The omnivores 
include chacma baboons and vervet monkeys (Chlorocebus pygerythrus; De Fortier et al. 
2014). SPGR is home to several troops of chacma baboons, and of all the species found in 
the reserve, they are regarded as the dominant rock-rolling predators. BRF is a sheep farm, 
parts of the landscape are natural with some wildlife which have crossed the fence from 
SPGR. BRF however does not host any troops of chacma baboon. Both the reserve and farm 
are environmentally the same, as well as managed the same (valid contrast).  
 
Methods  
Data collection 
Effect of rock size on the hypolithic community 
South Africa 
Graaff-Reinet 
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To describe the hypolithic community and determine the relationship between rock size 
and the hypolithic community composition and structure (in the presence of baboons; SPGR), 
hypolithic fauna (≥ 5mm in length as they are assumed to potentially attract baboon predation) 
were examined under different sized rocks in the wet (August and September 2016) and dry 
(February 2017) seasons. A range of rocks varying in size (50 cm2 to 1550 cm2) were selected 
across a rocky area (15 ± 0.91 rocks per 20 m). All selected rocks showed no sign of being 
rolled recently (no exposed hypolithic patches, no disturbance of surrounding soil, etc.). Small 
(< 50 cm2) rocks were excluded, as hypolithic fauna are rarely found under these rocks (Huey 
et al. 1989; Dean & Turner 1991), as well as large (> 1550 cm2) rocks, because of the physical 
constraints of lifting them. The hypolithic patch (i.e. the area of soil at the soil-rock interface 
exposed on turning of the rock) was used as a measure of rock size. The length and width of 
the hypolithic patch of each of the selected rocks were measured (to the nearest cm) and were 
used to estimate the hypolithic patch area in cm².  
Surveying of the hypolithic fauna under the rocks involved turning over each rock and 
collecting all fauna under the surface of the rock and on the soil substrate exposed on turning 
(Sinclair et al. 2001; Goldsbrough et al. 2003). A handheld, battery-operated vacuum cleaner 
was used to collect the fauna. These hypolithic fauna were preserved in 75 % ethanol. It was 
assumed that individuals < 5 mm would be harder to collect by a foraging baboon, unless in a 
group of five or more individuals. Thus, the fauna collected were only identified and counted 
if they were ≥ 5 mm, unless in a group large enough (≥ 5 individuals) to attract baboon 
predation. These fauna, which comprised of only invertebrates (except for one lizard), were 
identified to Order and morphospecies (using the following references: Hanstrom 1955; 
Lawrence 1984; Scholtz 1985; Picker et al. 2002; Leeming 2003; Herbert & Kilburn 2004; 
Triplehorn & Johnson 2005; Cloudsley-Thompson & Watt 2015). Individuals were counted 
under a compound microscope (10x magnification) and measured (to the nearest mm), from 
the anterior to the tip of the abdomen, to determine body length (which was used as a measure 
of body size; Siemann et al. 1999). All individuals were weighed (wet weight to the nearest 
0.00001 g) and the cumulative weights were used to determine total patch biomass. Larvae 
were not identified as an accurate identification could not be made to Order or morphospecies 
level. Hypolithic fauna that were too large to be taken up by the vacuum cleaner, such as 
scorpions, were caught by hand, identified, counted, measured, weighed and released in situ.  
The study was approved by the Nelson Mandela University Research Ethics 
Committee (Animal Ethics clearance reference number: A16-SCI-ZOO-008).  
Effect of baboon presence on the hypolithic community 
To determine the relationship between species richness and rock size in the presence 
(SPGR) and absence (BRF) of baboons, hypolithic fauna (≥ 5mm) were examined under 
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different sized rocks (March 2019). A range of rocks varying in size (50 cm2 to 1536 cm2) were 
selected across a rocky area (15 ± 0.91 rocks per 20 m) in the presence and absence of 
baboons. All selected rocks showed no sign of being rolled recently. Again, small (< 50 cm2) 
and large (> 1550 cm2) rocks were excluded. The actual hypolithic patch was used as a 
measure of rock size. The length and width of the hypolithic patch of each of the selected 
rocks were measured (to the nearest cm) and were used to estimate the hypolithic patch area 
in cm². Surveying of the hypolithic fauna under the rocks involved turning over each rock and 
counting the number of morphospecies under the surface of the rock and on the soil substrate 
exposed on turning. 
Effect of rock size on hypolithic patch microclimate  
The microclimate under rocks of differing size and the bare ground (no rock cover) 
microclimate were determined using Onset HOBO® Data Loggers (Onset Computer 
Corporation, Bourne, MA) for soil moisture content (m3/m3) and miniature IButton® data 
loggers (Dallas Semiconductor Corp, Dallas, TX) for temperature (°C). A range of rock sizes 
(63 cm² to 1248 cm²; 11 rocks in total), as well as bare ground sites (three sites in total) were 
selected across a rocky area (15 ± 0.91 rocks per 20 m). Small (< 50 cm2) rocks were excluded 
as hypolithic fauna are rarely found under these rocks (Huey et al. 1989; Dean & Turner 1991), 
as well as larger (> 1550 cm2) rocks because of the physical constraints of lifting them. Under 
the selected rocks, the moisture probe was placed below the soil surface, with an IButton data 
logger placed on the soil surface. At sites with no rock cover, the moisture probe was placed 
below the soil surface, with an IButton data logger placed on the bare ground. Both data 
loggers were set to record measurements at 3-hour intervals and were active for at least 20 
days within both the dry (August 2016) and wet (February 2017) seasons. Data were extracted 
using the data logger’s respective software, Hoboware (Onset Computer Corporation, Bourne, 
MA) and 1-wire (Maxim Integrated, San Jose, CA, USA). 
 
Data analysis 
Effect of rock size and baboon presence on the hypolithic community 
To determine the adequacy of my sample sizes for species richness across seasons 
(dry and wet; in the presence of baboons) and sites (in the presence and absence of baboons), 
we evaluated trends in the coefficient of variation across the sampled rocks. 
A logistic regression analysis was used to evaluate the effect of rock size and season 
(in the presence of baboons), as well as the effect of rock size and site (in the presence and 
absence of baboons) on the probability of detecting hypolithic fauna (Hilbe 2011). The 
presence and absence of hypolithic fauna were considered as a response variable with 
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binomial distributions and were modelled as logits. A diagnostic plot of the binned model 
residuals was inspected for deviations from model assumptions (Pregibon 1981), of which 
none were found. 
The relationship between hypolithic fauna abundance, richness, body length and 
biomass, and rock size in each season (rocks with fauna only; in the presence of baboons) 
were modelled using ordinary least-squares regressions, following the steps of Landman & 
Kerley (2014). Three models were tested according to the four hypotheses: (1) a no effect 
model (no change in the hypolithic fauna), y = 0; (2) a linear model (constant increase in the 
hypolithic fauna), y = mx + c, and (3) a quadratic model (hypolithic fauna reaching a 
maximum/minimum at intermediate rock sizes, but declining/increasing towards the 
extremes), y = ax2 + bx + c. In these models, y = hypolithic fauna abundance, richness, 
maximum body size (the individual with the largest body length was used as a representative 
of all individuals found for each patch) and biomass, x = hypolithic patch area, and c are 
constants (Figure 2.1). The model fit was evaluated by testing for a significant contribution (α 
= 0.05) of the linear model to the no effect model, and the quadratic model to the linear model 
based on an ANOVA (Crawley 2012). Diagnostic plots of the observed and fitted values and 
model residuals were inspected for deviations from model assumptions (Zeileis & Hothorn 
2002), of which none were found. This process was repeated to determine the relationship 
between species richness and rock size in the presence and absence of baboons (rocks with 
fauna only). 
All statistical analyses were based on morphospecies data.  
Effect of rock size on hypolithic patch microclimate 
The influence of rock size on the temperatures and soil moistures experienced under rocks in 
each season were tested using quantile regressions. The “quantreg” package in R3.4.1 (R 
Development Core Team) was used to perform the quantile regressions (Koenker 2013). The 
20% and 90% quantiles were selected to represent the upper and lower temperature and 
moisture extremes experienced under rocks. Data from sites with no rock cover were excluded 
(fitted lines not included) from the regression relationships as they cannot be directly 
compared to those with rock cover; these data are reported as quantile intercept ± SE and are 
used to contextualize the trends across rock sizes.   
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Results 
Effect of rock size on the hypolithic community 
In the dry season, 150 rocks were sampled and of these only 75 (50%) had hypolithic fauna 
present, whereas in the wet season, 128 rocks were sampled and of these only 45 (35%) had 
hypolithic fauna present (in the presence of baboons).  
Thirteen Orders (33 morphospecies) of invertebrates were found under the sampled 
rocks in the dry season (in the presence of baboons), these included Araneae, Blattodea, 
Coleoptera, Geophilomorpha, Hemiptera, Hymenoptera, Isoptera, Ixodida, Orthoptera, 
Scolopendromorpha, Scorpiones, Spirostreptida and Thysanura (Appendix 1 and 2). Ten 
Orders (20 morphospecies) were found under the sampled rocks in the wet season (in the 
presence of baboons), these included Araneae, Archaeognatha, Coleoptera, Hemiptera, 
Hymenoptera, Isoptera, Neuroptera, Orthoptera, Spirostreptida and Thysanura (Appendix 2). 
Only one vertebrate (Squamata) individual was found, this was not included in the data 
analyses as the other fauna found were all invertebrate species.  
In the dry and wet seasons (in the presence of baboons), the coefficient of variation in 
species richness declined, approaching an asymptote, as the number of rocks sampled 
increased (Figure 2.3). This confirmed that my sample sizes were adequate to describe and 
contrast the hypolithic communities. 
Figure 2.3: The coefficient of variation in species richness across sampled rocks in the dry 
(solid line) and wet (dotted line) seasons. 
 
Rock size and season significantly influenced the probability of detecting hypolithic 
fauna (Chisq2,275 = 7.33, P = 0.007; in the presence of baboons). The probability of detecting 
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hypolithic fauna under the largest rocks was greater in the wet season (y = 0.001 – 2.20x; 0.99 
probability) compared to the dry season (y = 0.001 - 0.32x; 0.76 probability; Figure 2.4). There 
was a higher probability of detecting hypolithic fauna under the smallest rocks in the dry 
season (0.42 probability) compared to the wet season (0.11 probability). However, there are 
fewer data points for larger rocks therefore estimates are less robust in comparison to smaller 
rocks. Additionally the probability of detecting hypolithic fauna under intermediate sized rocks 
(medium - 683 cm2) was similar in both the dry (0.60 probability) and wet (0.76 probability) 
seasons. 
 
Figure 2.4: Probability (± 95% CI) of detecting hypolithic fauna under rocks of varying size in 
the dry (solid line; solid circles) and the wet (dotted line; open circles) seasons, estimated by 
the logistic regression analysis. Vertical dashed line represents the hypolithic patch area 
medium. 
 
With the exception of hypolithic fauna abundance in the dry season, all the regression 
model fits testing the four hypotheses presented in Figure 2.1, were non-significant (P > 0.05) 
and did not explain the relationship between rock size and hypolithic fauna abundance, 
richness, body size and biomass across seasons (Appendix 3-7; in the presence of baboons). 
For the dry season hypolithic faunal abundances (Figure 2.5), the linear model fit was 
significant (Log (abundance) = 0.99 + 0.003 (hypolithic patch area), F1,73 = 7.41, P = 0.008, R² 
= 0.09), supporting the species-area relationship hypothesis. However, rock size explained 
only  ̴9 % of the variance in hypolithic fauna abundance in this season. Adding the extra term 
did not explain more variance in the case of the quadratic model (F2,72 = 0.06, P = 0.805, R² = 
0.09).  
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Figure 2.5: Relationship between hypolithic fauna abundance and rock size in the dry season, 
as estimated by the ordinary least squares regression analysis. 
 
Effect of baboon presence on the hypolithic community 
In the presence of baboons, 930 rocks were sampled and of these only 290 (31%) had 
hypolithic fauna present, whereas in the absence of baboons, 983 rocks were sampled and of 
these only 232 (24%) had hypolithic fauna present.  
In the presence and absence of baboons, the coefficient of variation in species 
richness declined, reaching an asymptote, as the number of rocks sampled increased (Figure 
2.6). This confirmed that my sample sizes were more than adequate to describe and contrast 
these hypolithic communities. 
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Figure 2.6: The coefficient of variation in species richness across sampled rocks in the 
presence (solid line) and absence (dotted line) of baboons. 
 
Rock size and site (presence and absence of baboons) significantly influenced the 
probability of detecting hypolithic fauna (Chisq3,1996 = 15.29, P < 0.001). The probability of 
detecting hypolithic fauna under the largest rocks was greater in the presence of baboons (y 
= 0.002 -1.82x; 1.0 probability) compared to in the absence of baboons (y = 0.002 - 1.80x; 
0.86 probability; Figure 2.7). The probability of detecting hypolithic fauna under the smallest 
rocks was the same in presence and absence of baboons (0.15 probability). However, there 
are fewer data points for larger rocks therefore estimates are less robust in comparison to 
smaller rocks. Additionally, the probability of detecting hypolithic fauna under intermediate 
sized rocks (medium - 768 cm2) was greater in the presence of baboons (0.90 probability) 
than in the absence of baboons (0.48 probability).  
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Figure 2.7: Probability (± 95% CI) of detecting hypolithic fauna under rocks of varying size in 
the absence (solid line; solid circles) and presence (dotted line; open circles) of baboons, 
estimated by the logistic regression analysis. Vertical dashed line represents the hypolithic 
patch area medium. 
 
A relationship between rock size and hypolithic fauna richness was found in the 
presence of baboons (Figure 2.8). The linear model fit was significant (Log (abundance) = 
0.74 + 0.0002 (hypolithic patch area), F1,288 = 10.44, P < 0.001, R² = 0.03), which supported 
the species-area relationship hypothesis. However, in this case, rock size explained only  ̴4 % 
of the variance in hypolithic fauna richness at this site (presence of baboons). Adding the extra 
term did not explain more variance in the case of the quadratic model (F2,287 = 0.98, P = 0.323, 
R2 = 0.04). There was no relationship between rock size and hypolithic fauna richness in the 
absence of baboons (Appendix 8). 
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Figure 2.8: Relationship between hypolithic fauna richness and rock size in the presence of 
baboons, as estimated by the ordinary least squares regression analysis. 
 
Effect of rock size on hypolithic patch microclimate   
Temperature 
At temperature extremes, fauna under large rocks experienced lower maximum (11.5 °C lower 
in the dry season and 15.1 °C lower in the wet season) and higher minimum (1.2 °C higher in 
the dry season and 2.4 °C higher in the wet season) temperatures than under small rocks 
(Figure 2.9). This was found to be significant in the dry season for the 20% (Slope = 0.002, T 
= 5.08, P < 0.001) and the 90% (Slope = -0.018, T = -11.51, P < 0.001) quantiles. In the wet 
season, this was found to be significant for the 20% (Slope = 0.003, T = 10.06, P < 0.001) and 
the 90% (Slope = -0.023, T = -18.34, P < 0.001) quantiles. The trend found under small rocks 
was followed in the sites with no rock cover in the dry (20% intercept = 11.16, SE = 0.86; 90% 
intercept = 42.08, SE = 2.93) and wet (20% intercept = 18.07, SE = 0.88; 90% intercept = 
56.04, SE = 3.90) seasons.  
Temperatures experienced under small rocks and in sites with no rock cover were at 
and below invertebrates critical thermal minimum (0°C to 4°C) and at and above their critical 
thermal maximum (37°C to 43°C; Sunday et al. 2011; Hoffmann et al. 2013).  
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Figure 2.9: The temperatures experienced under rocks of varying size in the dry (solid line; 
solid circles) and the wet (dotted line; open circles) seasons, as estimated by the quantile 
regression analysis. Included are the quantile regressions for the 20th and 90th quantiles. Data 
for bare ground are presented as the mean ± SE. Triangles (  ) represent invertebrate minimum 
and maximum thermal tolerances.  
 
Moisture 
At soil moisture extremes, fauna under large rocks experienced higher maximum (0.03 m³/m³ 
higher in the dry season and 0.08 m³/m³ higher in the wet season) and higher minimum (0.01 
m³/m³ higher in the dry season and 0.09 m³/m³ higher in the wet season) soil moisture content 
than under small rocks (Figure 2.10). This was found to be significant in the dry season for the 
20% (Slope < 0.001, T = 2.77, P = 0.006) and the 90% (Slope < 0.001, T = 2.87, P = 0.004) 
quantiles. In the wet season this was found to be significant for the 20% (Slope < 0.001, T = 
25.60, P < 0.001) and the 90% (Slope < 0.001, T = 6.09, P < 0.001) quantiles. The trend found 
under small rocks was followed in the sites with no rock cover in the dry (20% intercept = -
0.02, SE = 0.03; 90% intercept = 0.12, SE = 0.03) and wet (20% intercept = -0.06, SE = 0.06; 
90% intercept = 0.14, SE = 0) seasons. 
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Figure 2.10: The soil moisture experienced under rocks of varying size in the dry (solid line; 
solid circles) and the wet (dotted line; open circles) seasons, as estimated by the quantile 
regression analysis. Included are the quantile regressions for the 20th and 90th quantiles. Data 
for bare ground are presented as the mean ± SE. 
 
Discussion 
In the Karoo, most biota are very poorly known and many species remain unidentified (Milton 
et al. 1992). Of the studies that have investigated insects in the Karoo, most have only 
examined certain Orders, such as Dean & Turner (1991) who examined ants nesting under 
rocks and stones, and Todd et al. (2002) who examined locust outbreaks. The present study 
is therefore an important step to expanding our understanding of invertebrates in the semi-
arid Karoo, particularly those that utilize hypolithic habitats.  
In this study I aimed to describe the hypolithic community, assess the effect of rock 
size, and baboon presence on the hypolithic community and explore how rock size influences 
the microclimate environment of hypolithic habitats. In the light that the microclimate 
environment of hypolithic habitats may influence the hypolithic community, the microclimate 
findings will be discussed first. In my study, evidence for lower temperature extremes under 
larger rocks was found. Larger rocks generally have more stable microclimates as they tend 
to experience smaller fluctuations in temperature than smaller rocks (Huey et al. 1989; Dean 
& Turner 1991). This could be because larger rocks have a larger thermal capacity (requires 
more heat for temperature to increase), which reduces the fluctuations in temperatures it 
experiences (Dean & Turner 1991). Hypolithic fauna would have experienced temperatures at 
or below their critical thermal minimum (0°C to 4°C) and at or above their critical thermal 
maximum (37°C to 43°C) under smaller rocks and on the bare ground (Figure 2.9; Sunday et 
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al. 2011; Hoffmann et al. 2013). Hypolithic fauna should therefore retreat under larger rocks 
to avoid temperatures below and above their critical thermal limits.  
It was also found that soil moisture levels differ under different sized rocks. Moisture 
levels may be an important factor of habitat suitability for organisms, such as those prone to 
desiccation (Chown 2001), and organisms with limited dispersal abilities (Gibbons et al. 2000). 
I found that larger rocks experienced higher maximum soil moisture content and higher 
minimum soil moisture content, in both seasons, than under smaller rocks and on the bare 
ground. This could be because larger rocks form larger indentations in the ground compared 
to smaller rocks, which allows for a greater accumulation of moisture, and thus greater 
infiltration rates of moisture from rain and condensation (Huey et al. 1989). Hypolithic fauna 
should therefore retreat under larger rocks to avoid low moisture levels. 
This study examined all (≥ 5mm in length) fauna found under rocks (in the presence of 
baboons), providing the first description of the hypolithic community in the semi-arid Karoo. 
Only one other study has examined fauna found under rocks (Dean & Turner 1991), however, 
they only concentrated on the Order Hymenoptera. In my study, the probability of detecting 
hypolithic fauna under rocks differed across seasons. In the wet season, the probability of 
detecting hypolithic fauna increased with rock size according to the species–area relationship 
(Arrhenius 1921; Rosenzweig 1995). This may be because hypolithic fauna could be relying 
more on larger rocks, in the hot, wet season, to avoid high temperatures (Porter & Gates 1969; 
Somero 2010). In their study, Dean & Turner (1991) found that ants inhabited larger rocks and 
avoided smaller rocks in the summer due to microclimate conditions. Hypolithic fauna 
therefore benefit from retreating under large rocks as they provide refuge from high 
temperatures.  
In the dry, cold season, hypolithic fauna probably don’t rely on larger rocks to avoid 
high temperatures, as they were found to be less extreme. However, hypolithic fauna 
abundance increased with rock size (in the presence of baboons), thus supporting the 
species–area relationship (Arrhenius 1921; Rosenzweig 1995). This could be a result of larger 
rocks having more stable microclimates, more resources or more shelter than smaller rocks 
(Dean & Turner 1991; Sinclair et al. 2001; Goldsbrough et al. 2003). However, it is recognised 
that rock size does not explain much of the variance (~9 %) in hypolithic fauna abundance. 
This suggests that other factors, not just rock size, could be influencing this community, such 
as rock type, as well as the colour and shape of the rock (Huey et al. 1989; Dean & Turner 
1991; De Figueiredo & Poesen 1998). For example, the soil under quartzite rocks appears to 
retain water more effectively than under sandstone rocks, as sandstone is more porous (Dean 
& Turner 1991). Secondly, rocks that are darker than the surrounding soil will adsorb more 
solar radiation resulting in the soil beneath the rock staying warmer for longer (Dean & Turner 
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1991). Lastly, rounded rocks have a greater runoff than rectangular rocks and thus more water 
can infiltrate the area under the rock (De Figueiredo & Poesen 1998). This suggests a more 
intricate rock-microclimate-fauna relationship. Biotic factors, such as species interactions and 
the presence of surrounding vegetation (alternative or source habitat) may also have an effect 
(Sinclair et al. 2001). For example, the presence of certain species, or the presence of 
vegetation, may positively or negatively affect the presence of other species (Sinclair et al. 
2001). Thus, rock size may not be the only factor influencing hypolithic community composition 
and structure. 
In this study, a relationship was not found between rock size and hypolithic fauna 
abundance in the wet season and hypolithic fauna richness, body size and biomass in both 
the wet and the dry season (Appendix 3-7; in the presence of baboons). Thus, all rocks 
regardless of their size may provide refuge for hypolithic fauna. Rocks of all sizes could be 
providing suitable shelter from environmental extremes and microhabitat variability allowing 
for the growth and survival of these hypolithic fauna (Sinclair et al. 2001; Goldsbrough et al. 
2003). Rock size therefore seems to be a relatively poor predictor of hypolithic community 
composition and structure. Again, other factors, not just rock size, could be influencing these 
patterns (Dean & Turner 1991; De Figueiredo & Poesen 1998).  
In my study, the probability of detecting hypolithic fauna under rocks differed across 
sites (presence and absence of baboons). In the presence of baboons, the probability of 
detecting hypolithic fauna under the largest (it is recognised that there are fewer data points) 
and intermediate sized rocks was greater than in the absence of baboons. Thus supporting 
the intermediate disturbance hypothesis (Connell 1978). However, the probability of detecting 
hypolithic fauna under the smallest rocks did not differ in the presence or absence of baboons. 
This may be because predation is favouring the coexistence of hypolithic fauna (Armstrong 
1979; Leibold 1996) by limiting populations of competitively superior species thus making 
available more resources to support the survival of competitively inferior species (Paine 1974; 
Morin 1981). Nevertheless, in both sites (presence and absence of baboons), the presence of 
hypolithic fauna appeared to be clumped. In some areas, rocks had fauna present, whereas 
in other areas, rocks had no fauna present, regardless of rock size. This demonstrates that 
other factors are influencing these communities.  
In the presence of baboons (site), hypolithic fauna richness increased with rock size, 
thus supporting the species–area relationship (Arrhenius 1921; Rosenzweig 1995). This could 
be a result of predators having the potential to affect prey population dynamics (Lima 1998). 
This is because an increase in the risk of predation often causes prey to trade off predator 
avoidance and habitat selection, foraging, mating or movement (Sih & Wooster 1994). Thus, 
hypolithic fauna could be selecting larger rocks as baboons roll these intermediately. However, 
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rock size does not explain much of the variance (~3 %) in hypolithic fauna richness. A 
relationship between rock size and hypolithic fauna richness was not found in the absence of 
baboons (site). It appeared that in the absence of baboon’s rocks were more embedded in the 
soil. These embedded rocks had fewer fauna underneath them than rocks found on the 
surface of the soil. The movement of rocks by baboons may be encouraging fauna to inhabit 
hypolithic habitats, thus resulting in no trend being found in the absence of baboons.   
 
Implications for rock-rolling predators 
While it is well known that hypolithic fauna serve as a resource to rock-rolling predators such 
as chacma baboons (Davidge 1978; Dean & Turner 1991; King & Cowlishaw 2009), the 
availabiltiy and predictability of this resource is unknown. By describing the hypolithic 
community, assessing the effect of rock size, and baboon presence on the hypolithic 
community and exploring how rock size influences the microclimate experienced under rocks, 
this study provides insights into the availability and relative predictability of this resource. 
Based on the above findings, it is predicted that baboons will have a higher probability of 
finding hypolithic fauna in the dry season than in the wet season. Additionally, it is presumed 
that baboons will have a higher probability of finding hypolithic fauna under larger rocks in the 
wet season than in the dry season and a higher probability of finding hypolithic fauna under 
smaller rocks in the dry season than in the wet season. Baboons may also find a greater 
abundance of hypolithic fauna under larger rocks in the dry season. However, rock size may 
not be the only indicator of prey being present under rocks and baboons won’t necccesarily 
be able to predict which rock will have more prey or larger prey present based on rock size. 
Baboons may use other methods to determine the presence of prey, such as being able to 
smell the fauna under rocks.  
In conclusion, large rocks provide a more stable microclimate than small rocks, the 
probability of hypolithic fauna presence is influenced by rock size and season, and hypolithic 
fauna abundance (except in the dry season), richness, body size and biomass did not correlate 
with rock size. The probability of detecting hypolithic fauna, particularly under intermediate 
sized rocks, appears to be influenced by the presence of baboons, and hypolithic fauna 
richness, in the presence of baboons, correlates with rock size. It has been shown that baboon 
presence influences hypolithic fauna. It would therefore be important to investigate the 
colonisation of the hypolithic habitat following disturbance as a result of baboons rolling rocks 
(chapter 3). This study however is an important first step to characterising the hypolithic habitat 
and community, in the semi-arid Karoo.  
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CHAPTER 3 
COLONISATION OF THE HYPOLITHIC HABITAT FOLLOWING DISTURBANCE  
Introduction 
In arid and semi-arid environments, the hypolithic habitat (found at the soil-rock interface) 
protects hypolithic fauna from abiotic stresses, such as climatic extremes, and biotic stresses, 
such as predation (Chapter 2; Dean & Turner 1991; Couper & Hoskin 2008). However, 
hypolithic fauna are not protected from predators that are able to roll rocks (Dean & Turner 
1991). Predators, such as brown bears (Ursus arctos), bush pigs (Potamochoerus larvatus), 
chacma baboons (Papio ursinus) and Japanese black bears (Ursus thibetanus japonicus), roll 
rocks to forage on the fauna found beneath them, disturbing the hypolithic habitat (Ghiglieri et 
al. 1982; Liebenberg 1990; King & Cowlishaw 2009; Blanco et al. 2011; Yamazaki et al. 2012). 
Disturbance should play an important role by influencing species coexistence and population 
persistence (Connell 1978; Turner 2010). This is because disturbance can influence local 
species populations by influencing habitat characteristics, reducing competitive displacement, 
and promoting colonisation by competitively inferior species (Connell 1978). It is therefore 
important to determine what the responses will be of the hypolithic fauna to disturbance 
through rock movement. 
In the semi-arid Karoo environment, hypolithic fauna are vulnerable to predation by 
baboons (Davidge 1978; King & Cowlishaw 2009). Chacma baboons, the dominant rock-
rolling species in the semi-arid Karoo (Dean & Turner 1991), roll rocks to forage and can 
therefore be regarded as important disturbance agents of hypolithic habitats. Given that 
chacma baboons are widely distributed in this environment (Stuart & Stuart 2001), it is 
important to determine if hypolithic fauna are able to colonise rocks rolled by baboons. To 
predict the colonisation of the hypolithic habitat following a rock rolling disturbance, Island 
Biogeography Theory and Succession Theory will be applied. Thus, according to Island 
Biogeography Theory, the number of species colonising an area has been shown to be a 
function of area size and its distance from other inhabited areas (MacArthur & Wilson 1963). 
Additionally, according to Succession Theory, the number of species colonising an area 
increases rapidly initially and then more slowly over time (Clements 1916). In the context of 
this study, the colonisation of the hypolithic habitat is expected to be influenced by time since 
disturbance and rock position in relation to other rocks.  
Here, I aim to determine the short- (over five days) and long- (over 12 months) term 
colonisation of the hypolithic habitat following a rock rolling disturbance, and the influence of 
this on hypolithic community composition and structure (abundance and biomass) in a semi-
arid Karoo environment. This was tested by rolling rocks to mimic rock rolling by baboons and 
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sampling the hypolithic fauna after a set period. The focus was on the larger (≥ 5 mm in length) 
fauna that are assumed to attract baboon predation. For the short-term colonisation 
experiment, it was hypothesized that hypolithic fauna will colonise the hypolithic habitats of 
the freshly rolled rocks rapidly (within five days), as species are known to colonise an area 
within a relatively short period after a disturbance (Clements 1916). Furthermore, it was 
hypothesized that hypolithic fauna would colonise hypolithic habitats quicker in the dry season 
compared to the wet season, as potential colonising species are more abundant (Chapter 2). 
In addition, it was hypothesized that hypolithic fauna would colonise hypolithic habitats quicker 
in a rocky area compared to a non-rocky area, as colonising species have been shown to be 
a function of that area’s distance to other inhabited areas (MacArthur & Wilson 1963). 
Alternatively, it was hypothesized that hypolithic fauna would colonise hypolithic habitats 
quicker in the non-rocky area due to limited shelter availability (Glorvigen et al. 2013). For the 
long-term colonisation experiment, it was hypothesized that hypolithic fauna will colonise the 
hypolithic habitats of the rolled rocks rapidly in the first few months and then more slowly 
towards the end of the 12 months, as species are known to initially increase rapidly and then 
increase more slowly over time (Clements 1916). 
 
Methods  
Experimental design 
To determine the short-term colonisation of the hypolithic habitat, rocks were rolled to mimic 
rock rolling by baboons, and the hypolithic fauna were examined over a period of five days in 
the dry (August 2017) and wet (November 2017) seasons. Twenty rocks (ranging between 
105 cm2 to 1224 cm2; rock sizes preferred by baboons; Maré et al. 2019) were selected in a 
rocky (20 m2) and non-rocky (20 m2) site. The rocky (15 ± 0.91 rocks per 20 m) and non-rocky 
(4 ± 0.41 rocks per 20 m) sites were selected by measuring rock density using line transects 
(four 20 m line transects in each site). This was done by counting the rocks that the line 
transects touched. Rocks were selected at less than 1 m intervals in the rocky site, and at 
roughly 5 m intervals in the non-rocky site. Rock size was not standardised, as it was shown 
that rock size had a limited influence on hypolithic community composition and structure 
(Chapter 2). 
At the start of the experiment, each selected rock was rolled, the hypolithic fauna 
present under the rock were collected and the rock was placed on a new patch of soil. For the 
next five days, hypolithic fauna were collected from underneath the rocks every 24-hours. All 
selected rocks showed no sign of being rolled recently (i.e. no exposed hypolithic patches, no 
disturbance of surrounding soil, etc.; confirmed by photographs taken at the start of the 
experiment) before the experiment or during the experimental period. 
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To determine the long-term colonisation of the hypolithic habitat, rocks were rolled to 
mimic rock rolling by baboons, and the hypolithic fauna were examined over a period of 12 
months. Forty rocks (ranging between 105 cm2 to 1224 cm2; rock sizes preferred by baboons; 
Maré et al. 2019) were selected in a rocky (15 ± 0.91 rocks per 20 m) site. At the start of the 
experiment, each selected rock was rolled, the hypolithic fauna present under the rock were 
collected and the rock was placed on a new patch of soil. Every three months, 10 rocks 
(representing all size classes) from the initial 40 moved rocks, were selected, lifted and the 
hypolithic fauna collected. All selected rocks showed no sign of being rolled (i.e. no exposed 
hypolithic patches, no disturbance of surrounding soil, etc.) recently before the experiment or 
during the experimental period. 
Surveying of the hypolithic fauna under the rocks involved turning over each rock and 
collecting all fauna under the surface of the rock and on the soil substrate exposed on turning 
(Sinclair et al. 2001; Goldsbrough et al. 2003). A handheld, battery-operated vacuum cleaner 
was used to collect the fauna. These hypolithic fauna were preserved in 75 % ethanol. It was 
assumed that individuals < 5 mm would be harder to collect by a foraging baboon, unless in a 
group of five or more individuals. Thus, the fauna collected were only identified and counted 
if they were ≥ 5 mm, unless in a group large enough (≥ 5 individuals) to potentially attract 
baboon predation. These fauna, which comprised of only invertebrates, were identified to 
Order and morphospecies (using the following references: Hanstrom 1955; Lawrence 1984; 
Scholtz 1985; Picker et al. 2002; Leeming 2003; Herbert & Kilburn 2004; Triplehorn & Johnson 
2005; Cloudsley-Thompson & Watt 2015). Individuals were counted under a compound 
microscope (10x magnification). All individuals were weighed (wet weight; to the nearest 
0.00001 g) and the cumulative weights were used to determine total patch biomass. Larvae 
were not identified as an accurate identification could not be made to Order or morphospecies 
level.  
The study was approved by the Nelson Mandela University Research Ethics 
Committee (Animal Ethics clearance reference number: A16-SCI-ZOO-008).  
 
Data analysis 
Short-term colonisation 
To determine the occurrence of hypolithic fauna individuals across rocks over a period of 5 
days, in a rocky and non-rocky site and in the dry and wet seasons, a frequency table was 
constructed using hypolithic fauna presence (expressed as a %) on day one and accumulated 
hypolithic fauna presence over the five days.  
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To test the difference in hypolithic fauna abundance and biomass on day one (baseline 
for comparison) and five between sites and seasons, a repeated measures two-way anova 
was performed in R3.4.1 (Davis 2002; R Development Core Team). The two factors included 
season (dry and wet) and site (rocky and non-rocky), with time (day one and five) being the 
repeated measure, and abundance and biomass the response variables. Diagnostic plots of 
the observed and fitted values and model residuals were inspected for deviations from model 
assumptions (Zeileis & Hothorn 2002), of which none were found.  
Long-term colonisation 
To determine the occurrence of hypolithic fauna individuals across rocks over a period of 12 
months, a frequency table was constructed using hypolithic fauna presence (expressed as a 
%) pre- (month 0, baseline for comparison) and post- (month 3, 6, 9 and 12) disturbance. 
To test the difference in hypolithic fauna abundance and biomass between month 
three, six, nine and 12, Kruskal–Wallis tests were performed in R3.4.1 (R Development Core 
Team). This non-parametric test was performed as the data violated Shapiro-Wilk Normality 
Tests.  
To test the similarity/dissimilarity in hypolithic community composition across the 12 
months, hypolithic fauna were pooled across rocks in each sample period (month 0, 3, 6, 9 
and 12). Consequently, this resulted in no replicates, therefore no formal statistical analysis 
could be performed. A Bray-Curtis resemblance matrix was generated which informed the 
similarity between sample periods. An n-MDS ordination based on the Bray-Curtis 
resemblance matrix was generated. A stress value indicates the goodness-of-fit of the two-
dimensional biplot. Data were square-root transformed to reduce the influence of dominant 
morphospecies (Clarke 1993). This analyses was completed with Primer version 6 (Clarke & 
Gorley 2006).  
All statistical analyses were based on morphospecies data, except for the species-
level comparisons in Table 3.1 and 3.2.  
 
Results 
Short-term colonisation  
Over the five days, hypolithic fauna from four Orders in the rocky site and three Orders in the 
non-rocky site had colonised the hypolithic habitats in the dry season (Table 3.1). Additionally, 
over the five days, hypolithic fauna from five Orders in the rocky site and four Orders in the 
non-rocky site had colonised the hypolithic habitats in the wet season (Table 3.1).  
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Table 3.1: Percent frequency of occurrence of hypolithic fauna across rocks (hypolithic fauna 
presence on day one and accumulated hypolithic fauna presence over the five days), in the 
rocky and non-rocky sites, in the dry and wet seasons. 
 Dry season Wet season 
 Rocky site Non-rocky site Rocky site Non-rocky site 
 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 
Orders n = 
20 
n = 
100 
n = 
20 
n = 
100 
n = 
20 
n = 
100 
n = 
20 
n = 
100 
Araneae 0.0 4.0 1.0 3.0 0.0 1.0 0.0 1.0 
Blatodea 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
Coleoptera 0.0 1.0 0.0 1.0 0.0 3.0 0.0 1.0 
Hemiptera 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Hymenoptera 0.0 1.0 0.0 0.0 0.0 0.0 0.0 2.0 
Lepidoptera 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 
Orthoptera 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Scolopendromorpha 0.0   0.0 0.0 1.0 0.0 0.0 0.0 0.0 
Thysanura 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
 
No difference was found in hypolithic fauna abundance (F = 1.19, df = 3, P = 0.277) 
and biomass (F = 0.86, df = 3, P = 0.356) on day one and five between sites and seasons 
(Figure 3.1).  
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Figure 3.1: Average (± SE) hypolithic fauna abundance (a, c) and biomass (b, d) on day one 
and accumulated average (± SE) hypolithic fauna abundance (a, c) and biomass (b, d) over 
the five days, in the rocky and non-rocky sites, in the dry (dark grey bar) and wet (light grey 
bar) seasons. 
 
Long-term colonisation 
Hypolithic fauna from twelve Orders were found pre-disturbance. Hypolithic fauna from three 
(month 3), four (month 6), three (month 9) and two (month 12) Orders had colonised the 
hypolithic habitats of the rolled rocks (Table 3.2). Hypolithic fauna from the Orders Blattodea, 
Geophilomorpha, Hemiptera, Hymenoptera, Orthoptera, and Scolopendromorpha did not 
colonise the hypolithic habitats following the disturbance. 
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Table 3.2: Percent frequency of occurrence of hypolithic fauna across rocks (hypolithic fauna 
presence pre- (month 0) and post- (month 3, 6, 9 and 12) disturbance), over a period of 12 
months. 
 Month 0 Month 3 Month 6 Month 9 Month 12 
Orders n = 40 n = 10 n = 10 n = 10 n = 10 
Araneae 7.5 10.0 0.0 10.0 0.0 
Blattodea 2.5 0.0 0.0 0.0 0.0 
Coleoptera 15.0 20.0 0.0 20.0 0.0 
Geophilomorpha 5.0 0.0 0.0 0.0 0.0 
Hemiptera 7.5 0.0 0.0 0.0 0.0 
Hymenoptera 15.0 0.0 0.0 0.0 0.0 
Isoptera 5.0 0.0 20.0 10.0 20.0 
Lithobiomorpha 0.0 0.0 10.0 0.0 0.0 
Ixodida 2.5 10.0 0.0 0.0 0.0 
Orthoptera 2.5 0.0 0.0 0.0 0.0 
Scolopendromorpha 5.0 0.0 0.0 0.0 0.0 
Spirostreptida 2.5 0.0 10.0 0.0 0.0 
Thysanura 5.0 0.0 10.0 0.0 20.0 
 
Hypolithic fauna abundance (Chisq = 1.35, df = 3; P = 0.718) and biomass (Chisq = 
1.35, df = 3; P = 0.718) did not differ between month three, six, nine and 12 (Figure 3.2). 
However, hypolithic fauna abundance did tend toward pre-disturbance abundance, whereas 
hypolithic fauna biomass did not.   
Figure 3.2: Abundance (mean ± SE; solid bar) and biomass (mean ± SE; open bar) of 
hypolithic fauna recorded under rocks pre-disturbance and post-disturbance (at three-month 
intervals). 
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The similarities in pre- and post-disturbance hypolithic community composition 
increased over the 12 months (month three: 0%, month six: 19.96% and month nine: 16.74%) 
and approached pre-disturbance hypolithic community composition in month 12 (34.87% 
similar; Figure 3.3). However, the data was pooled which resulted in no replicates, and 
therefore does not explain much of the variance in hypolithic community composition pre- and 
post-disturbance.  
Figure 3.3: Nonmetric Multidimensional Scaling ordination of the hypolithic community 
composition in each sample period (month 0 (B), 3, 6, 9 and 12). The Stress value is zero, as 
a result of no replicates.  
 
Discussion 
It is well known that there are predators, such as chacma baboons, that roll (disturb) rocks as 
part of their foraging strategy (Davidge 1978; Dean & Turner 1991; King & Cowlishaw 2009). 
Such disturbances can influence habitat characteristics, reduce competitive displacement 
among species, and promote colonisation by competitively inferior species (Connell 1978). It 
would therefore be important to know what the responses will be of the hypolithic fauna to rock 
rolling disturbance over time. Rocks are very appropriate habitats for colonisation studies as 
they are distinct units (Boyero & Bosch 2004), providing a unique opportunity to investigate 
colonisation of the hypolithic habitat following a disturbance. However, no study has 
investigated this. This study is therefore an important first step in determining the short- and 
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long-term colonisation of the hypolithic habitat following a rock rolling disturbance in the semi-
arid Karoo.  
Colonisation of the hypolithic habitat is thought to occur within a relatively short period 
following disturbance (Clements 1916), as hypolithic habitats are important refuges, providing 
protection from environmental and biological variables (Chapter 2; Dean & Turner 1991; 
Sinclair et al. 2001; Goldsbrough et al. 2003). Additionally this community is presumed to be 
made up of some quick colonisers such as opportunistic species and/or highly mobile species 
(Sinclair et al. 2001; Goldsbrough et al. 2003). However, I found no significant increase in 
hypolithic fauna abundance or biomass over the first five days after a disturbance. The 
sampling method could have influenced the results, as hypolithic fauna were collected every 
24 hours, which could have influenced colonisation by other hypolithic faunal species. This is 
because the hypolithic fauna that were removed could possibly facilitate, compete or predate 
on the hypolithic fauna that colonised the rock once they were removed (Gillespie & Reimer 
1993; Sinclair et al. 2001). Additionally, removing hypolithic fauna every 24 hours may have 
influenced the metapopulation/community, resulting in fewer hypolithic fauna colonising the 
hypolithic habitats over time. 
The colonisation of the hypolithic habitat is thought to be determined by the proximity 
of other hypolithic habitats (MacArthur & Wilson 1963). It was therefore hypothesized that 
hypolithic fauna would colonise the hypolithic habitats in the rocky site quicker. Alternatively, 
hypolithic fauna were hypothesized to colonise hypolithic habitats in the non-rocky site quicker, 
due to limited shelter availability (Glorvigen et al. 2013). However, neither of these hypotheses 
were supported in this study and hypolithic fauna colonisation did not respond to rock density. 
Although rock density differed in the rocky and non-rocky sites, the nature of the community 
may have been the same. In addition, colonisation of the hypolithic habitat was not influenced 
by season, although potential colonising faunal species are more abundant in the dry season, 
potentially due to the less extreme maximum temperatures experienced (Chapter 2; Janzen 
& Schoener 1968). Therefore, the colonisation of the hypolithic habitat is not determined by 
rock density or season. 
Colonisation of the hypolithic habitat is thought to occur rapidly and then increase more 
slowly over time (Clements 1916), as this community is presumed to be made up of slow 
colonisers such as specialized species and/or less mobile species (Sinclair et al. 2001; 
Goldsbrough et al. 2003). However, in this study, I found no significant difference in hypolithic 
fauna abundance and biomass over the 12 months. This could be because the full colonisation 
period (where the community reaches or exceeds pre-disturbance levels) for the slow 
colonisers may be longer than 12 months. Therefore, some slow colonisers may not have 
been given enough time to colonise the site as hypolithic fauna abundances and biomass did 
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not approach pre-disturbance levels. Hypolithic fauna biomass decreased dramatically in the 
ninth month, this could be result of seasonal change thus effecting climate and food 
availability. For hypolithic fauna abundance, most of the change was shown to occur in the 
first three months and then hypolithic fauna abundance approached pre-disturbance levels. 
This therefore provides evidence that hypolithic fauna can colonise the hypolithic habitats of 
the rolled rocks slowly (i.e. over 12 months), although hypolithic community composition did 
not reach or exceed pre-disturbance levels. However, it is recognised that the data does not 
explain much of the variance in hypolithic community composition pre- and post-disturbance. 
Implications for rock-rolling predators 
While it is well known that chacma baboons roll rocks to feed on hypolithic fauna (Davidge 
1978; Dean & Turner 1991; King & Cowlishaw 2009), the availibility and predictability of this 
resource is unknown. By determining the short- and long-term colonisation of hypolithic fauna 
following a rock rolling disturbance, this study provides insights into the availibility and relative 
predictability of this resource. Based on the above findings, it is presumed that baboons will 
have a higher likelihood of finding hypolithic fauna under rocks that have not been rolled within 
a 12-month period. However, baboons won’t necccesarily be able to predict when last a rock 
was rolled, therefore they need to regularly change their foraging patterns.  
In conclusion, hypolithic fauna did not colonise the hypolithic habitats of the freshly 
rolled rocks rapidly (within five days), the short-term colonisation of the hypolithic habitat was 
found to not be influenced by season or rock density, and most of the change in hypolithic 
community composition occurred in the first three months and thereafter approached pre-
disturbance levels. Baboons move rocks to forage and therefore are important disturbance 
agents of these habitats. This study is an important first step to investigating the colonisation 
of the hypolithic habitat following a rock rolling disturbance (mimicking that of baboons) in the 
semi-arid Karoo. 
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CHAPTER 4 
GENERAL DISCUSSION 
This study set out to investigate the nature of the hypolithic invertebrate community and its 
dynamics by measuring its composition and structure in the Eastern Karoo, South Africa. This 
is the first attempt to explore the patterns and processes behind these communities, 
recognising the work on ants by Dean & Turner (1991). The hypolithic habitat, a previously 
ignored habitat, has only attracted interest in recent years (Chan et al. 2012; Pointing 2016), 
however most of these studies have only examined the microbial fauna in this habitat (e.g. 
Cowan et al. 2010; Cowan et al. 2011; Chan et al. 2012; Stomeo et al. 2013; Warren‐Rhodes 
et al. 2013). This study contributes to our understanding of the hypolithic community, and more 
importantly the importance of hypolithic habitats for the persistence of fauna that utilize these 
habitats as refuges and resource patches. The objectives of determining the influence of rock 
size, baboon presence, microclimate (all in Chapter 2) and colonisation (Chapter 3) on 
hypolithic community composition and structure were achieved by: measuring the hypolithic 
fauna encountered under a range of rock sizes in two seasons and sites (in the presence and 
absence of baboons), and by measuring the temperature and moisture content under different 
sized rocks. The baboon presence experiment is pseudoreplicated (Hurlbert 1984), and 
should be repeated across more baboon present/absent sites. Moreover, by rolling rocks to 
mimic rock rolling by baboons and sampling the hypolithic fauna after a set period. The 
implications of these objectives are reviewed below.  
 
Characterising the hypolithic habitat and community 
In the semi-arid Karoo, invertebrates face extremes of heat and cold (Dean & Turner 1991). 
Seasonal and daily temperatures vary greatly and droughts occur frequently (Vogel 1994; 
Lindsey & Skinner 2001). Hypolithic fauna are protected from these extremes, whereas fauna 
that do not utilize hypolithic habitats need to adapt (e.g. burrow). In terms of the microclimate 
of hypolithic habitats and rock size, we now know that at temperature and soil moisture 
extremes, fauna under large rocks experience lower maximum and higher minimum 
temperatures, and higher maximum and higher minimum soil moisture content than under 
small rocks (Chapter 2). In the present study, maximum temperatures were greater than 45 
°C and minimum temperatures were lower than 5 °C on the bare ground and under small 
rocks. Fauna on the bare ground or under small rocks would therefore have experienced 
temperatures at or below their critical thermal minimum (0°C to 4°C) and at or above their 
critical thermal maximum (37°C to 43°C; Sunday et al. 2011; Hoffmann et al. 2013). For 
example, mealworm metabolism reaches a minimum at 4.2 °C ± 0.4 °C, and a maximum at 
42.9 °C ± 0.3 °C, and woodlouse metabolism reaches a minimum at - 3.5 °C ± 0.6 °C, and a 
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maximum at 43.4 °C ± 4.9 °C, which is the start of respiratory breakdown (Stevens et al. 2010). 
The protection provided by the overlaying rock therefore is very important for hypolithic fauna 
persistence in semi-arid Karoo environments.  
The microclimate environment of hypolithic habitats under different sized rocks is 
presumed to influence the hypolithic community. This is because rock size influences the 
degree to which environmental variables, such as temperature and moisture, are attenuated 
(Huey et al. 1989; Dean & Turner 1991; Goldsbrough et al. 2003). In the present study, the 
probability of detecting hypolithic fauna was greater under large rocks (in the presence of 
baboons), in the warm, wet season, as these rocks protect fauna from maximum temperature 
extremes. Additionally, in the cool, dry season a greater abundance of hypolithic fauna are 
found under large rocks (in the presence of baboons; however rock size does not explain 
much of the variance in hypolithic fauna abundance) potentially because they have more 
stable microclimates, more resources or more shelter than small rocks (Dean & Turner 1991; 
Sinclair et al. 2001; Goldsbrough et al. 2003). Hypolithic fauna therefore avoid temperatures 
below and above their critical thermal limits when inhabiting the hypolithic habitats under large 
rocks. Hypolithic habitats under large rocks are therefore important refuges, providing 
protection from environmental extremes in semi-arid Karoo environments.  
Other factors may be influencing patterns in hypolithic community composition and 
structure, such as rock type, colour and shape (Huey et al. 1989; Dean & Turner 1991; De 
Figueiredo & Poesen 1998). Firstly, rock type and colour have been shown to influence the 
amount of solar radiation adsorbed by the rock (Dean & Turner 1991). Secondly, rock type 
influences the amount of water retained by the soil beneath the rock (Dean & Turner 1991). 
Thirdly, rock shape has be shown to influence the transfer of heat from the top to the bottom 
of the rock (Huey et al. 1989). Lastly, rock shape influences the runoff of water from the rock 
and water infiltration under the rock (De Figueiredo & Poesen 1998). Rock type, colour and 
shape therefore influence the moisture available to hypolithic fauna and the temperature 
experienced under rocks (Dean & Turner 1991; De Figueiredo & Poesen 1998). Rock size 
and microclimate are therefore not the only factors influencing hypolithic community 
composition and structure.  
Chacma baboons as the dominant rock-rolling species in the semi-arid Karoo (Dean & 
Turner 1991) influence patterns in hypolithic community composition and structure. In the 
present study, the probability of detecting hypolithic fauna under larger and intermediate sized 
rocks was greater in the presence of baboons than in the absence of baboons. This may be 
because predation is favouring the coexistence of hypolithic fauna (Armstrong 1979; Leibold 
1996). Additionally, in the presence of baboons (site), larger rocks were found to have a higher 
richness of hypolithic fauna than smaller rocks, potentially because predators have the 
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potential to affect prey population dynamics (Lima 1998). Therefore, in addition to hypolithic 
fauna selecting larger rocks as they have more stable microclimates, more resources or more 
shelter than small rocks (Dean & Turner 1991; Sinclair et al. 2001; Goldsbrough et al. 2003), 
hypolithic fauna could also be selecting intermediate and larger rocks as these habitats are 
intermediately disturbed by baboons.  
Hypolithic habitats are important for the persistence of both fauna that utilize these 
habitats as refuges, and fauna that utilize these habitats as resource patches. Baboons ability 
to access hypolithic prey items may become important in limiting seasons. For example, Tew 
et al. (2018) found that in the dry season, baboons are presumed to compensate for the 
decline in fruit production by maintaining invertebrate consumption (whether this was free-
ranging invertebrates or hypolithic invertebrates is unknown). The availability of invertebrates 
under rocks also differs across seasons, as well as under different sized rocks (Huey et al. 
1989; Dean & Turner 1991). Baboons are presumed to have a higher probability of finding 
hypolithic fauna in the dry season, and a higher probability of finding hypolithic fauna under 
large rocks. Additionally, baboons might also find a greater abundance of hypolithic fauna 
under large rocks. However, rock size may not be the only indicator of prey being present 
under rocks. Therefore baboons may have to use other methods to determine the presence 
of prey. Baboons may also prey on invertebrates in other shelters, such as under leaf litter or 
wood, on plants or in borrows (Nardi 2009), therefore they may not depend exclusively on 
hypolithic fauna. However, baboons would have to compete with other predators that have 
access to the fauna in these shelters, such as aardvark (Orycteropus afer), jackal (Canis 
mesomelas), aardwolf (Proteles cristata), etc. (Cooper 1979; Hiscocks 1987; Dean & Turner 
1991). Baboons therefore benefit by having near exclusive access to the hypolithic fauna 
(particularly when other food sources are depleted) in semi-arid Karoo environments.  
 
Colonisation of the hypolithic habitat following disturbance 
In terms of the short-term colonisation of the hypolithic habitat in semi-arid Karoo 
environments, we now know that there is no significant increase in hypolithic fauna abundance 
and biomass over five days, and rock density and season do not influence hypolithic fauna 
colonisation. In terms of the long-term colonisation of the hypolithic habitat, we now know that 
there is no significant difference in hypolithic fauna abundance and biomass over the 12 
months. Hypolithic fauna biomass decreased dramatically in the ninth month, this could be 
result of seasonal change thus effecting climate and food availability. For hypolithic fauna 
abundance, most of the change was shown to occur in the first three months and then 
hypolithic fauna abundance approached pre-disturbance levels. An important finding is that 
hypolithic fauna can colonise hypolithic habitats of rolled rocks (on a short- and long-term 
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scale), and that this rock rolling disturbance (mimicking that of baboons) does not prevent 
them from doing so. Instead, rock-rolling disturbance should allow for the frequent renewal of 
space (Aldana et al. 2016) within hypolithic habitats, and therefore allow new fauna to colonise 
hypolithic habitats, thus influencing hypolithic community composition and structure. 
Disturbance, such as rock movement, should influence local species numbers through 
reducing competitive displacement among species and promoting the colonisation by 
competitively inferior species (Connell 1978).   
The hypolithic habitat provides a refuge from biotic stresses, such as predation (Dean 
& Turner 1991; Couper & Hoskin 2008; Quesada & Vincent 2012). However, baboons can 
access hypolithic fauna by rolling rocks. It has been suggested that baboons roll about ten 
rocks per day per individual (Davidge 1978). Therefore, in areas where baboons are abundant, 
their influence on hypolithic communities could be extensive. Hypolithic fauna can colonise 
hypolithic habitats of recently rolled rocks, however they require some time to do so. It is 
therefore presumed that baboons will have a higher likelihood of finding hypolithic prey under 
rocks that have not been recently rolled. Baboons should therefore avoid rocks that have been 
recently rolled, to avoid wasting energy and time rolling rocks where fauna have not been 
given enough time to colonise the hypolithic patches. Hypolithic fauna are therefore presumed 
to colonise rolled rocks, with reduced competitive displacement among species, promoting 
colonisation by competitively inferior species. Rock-rolling by baboons in semi-arid Karoo 
environments, may therefore influence species coexistence and population persistence within 
hypolithic communities.  
 
Study limitations 
It is important that the findings from this study are interpreted in consideration of the limitations 
relating to the data collected, as well as the study design used. In general, this study lacked a 
spatial aspect as there were no replicates of sites with or without baboons (pseudo-replicated; 
Hurlbert 1984). The findings can therefore not be generalized beyond the study sites and 
causality of differences between sites cannot be formally tested. However, because the sites 
were adjacent to each other, it is presumed that the effects of other environmental drivers on 
hypolithic fauna were the same between sites and that the relative differences could be 
attributed to baboons. Secondly, although precaution was taken to select rocks that had not 
recently been rolled, rainfall can remove evidence of exposed hypolithic patches or 
disturbances of surrounding soil, therefore some rocks may have been rolled more recently 
than others. Finally, it was not taken into account what the effect of rolling rocks would have 
on the metapopulation/community, therefore this may have influenced the community 
composition and structure. Chapter two measured the influence of rock size on the 
45 
 
microclimate experienced under rocks. This study however did not investigate the influence of 
microclimate on hypolithic community composition and structure. A direct link between 
microclimate experienced under rocks and the hypolithic community composition and 
structure could therefore not be made. Chapter three looked at the long-term colonisation of 
the hypolithic habitat following a disturbance. This experiment continued over 12 months, with 
samples being taken every three months. However, a sample per month, and a longer sample 
period (i.e. more rocks), may have shown a more visible pattern of increase in hypolithic fauna, 
and may have allowed hypolithic community composition to reach or exceed pre-disturbance 
levels.  
  
Further research 
This study only focused on some determinants of the hypolithic community composition and 
structure, such as the nature of the patch (i.e. size), the environmental conditions (temperature 
and moisture) and predator disturbance (rock movement). Thus, it is apparent that there are 
several areas that require further research attention. 
Rock size, temperature and moisture may not be the only factors influencing the 
hypolithic community. There could be other potential factors driving this community, such as 
rock shape, type and colour, soil composition, texture, colour and pH, or the influence of 
surrounding vegetation, as these factors may influence the microclimate experienced under 
rocks. Biological interactions may also drive this community, such as facilitation and 
competition among hypolithic fauna, or predation by other invertebrates, as some fauna may 
avoid hypolithic habitats because of the presence of other fauna, or vice versa. Therefore, 
these potential drivers need to be investigated further. Understanding this will provide insight 
into the patterns seen in hypolithic community composition and structure.  
A species’ physiology is very important for understanding their behaviour and habitat 
preferences. Some fauna may depend wholly on hypolithic habitats, while others may only 
use them intermittently. Fauna may rely on hypolithic habitats as a long-term refuge from 
climatic extremes or predation, whereas others may just rely on them for short-term protection 
of nests or as hunting grounds. Therefore, it would be important to determine (by identifying 
hypolithic fauna to species level) individual species physiology to identify which species are 
obligatory or facultative hypolithic fauna. The hypolithic habitat may also not be the only 
specialised shelter invertebrates use as a refuge. It would therefore be important to compare 
communities found in other specialized shelters and in the hypolithic habitat, such as faunal 
communities in borrows, under wood, etc. (Nardi 2009). 
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The direct impacts of baboons on the hypolithic habitat needs to be investigated. 
Chacma baboons being the dominant rock-rolling predator can have a significant influence on 
this community. It would be important to determine if baboons prefer certain rocks (i.e. size, 
shape, etc.), the number of rocks they roll, how often they roll rocks, and the hypolithic fauna 
they feed on. Rock preference by baboons is currently being studied (Maré et al. 2019), 
integrating this information with the hypolithic community composition and structure will 
provide insight into the direct influence of a baboon on the hypolithic community.  
 
Conclusion 
With current threats, such as rock removal for habitat clearance and urban development by 
humans and incidental disturbance of rocks by animals, such as livestock, it is important to 
understand more about the hypolithic habitat and the fauna that rely on it. There are large 
gaps in our understanding of the hypolithic habitat and community, however this study 
provides insight into the conditions and processes determining the patterns found in this 
community. This study therefore contributes to our understanding of the influence of rock size, 
baboon presence, microclimate and colonisation on hypolithic invertebrate community 
composition and structure in the eastern Karoo.  
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Appendices 
Appendix 1: Examples of morphospecies found under rocks in the Order Hemiptera. Pictures 
were taken under a compound microscope (10x magnification) attached to a camera. 
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Appendix 2: Percent frequency of occurrence of hypolithic fauna (orders) under rocks sampled 
in the dry and wet seasons (- indicates no data). 
ORDERS DRY SEASON (N = 150) WET SEASON (N = 128) 
ARANEAE 2.1 0.6 
ARCHAEOGNATHA - 0.2 
BLATTODEA 0.1 - 
COLEOPTERA 1.8 2.1 
GEOPHILOMORPHA 0.3 - 
HEMIPTERA 0.8 0.2 
HYMENOPTERA 38.7 39.3 
ISOPTERA 55.0 46.2 
IXODIDA 0.1 - 
NEUROPTERA - 0.2 
ORTHOPTERA 0.5 0.6 
SCOLOPENDROMORPHA 0.1 - 
SCORPIONES 0.2 - 
SPIROSTREPTIDA 0.1 0.8 
THYSANURA 0.4 9.7 
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Appendix 3: Regression model comparison ANOVA tests for the relationship between 
hypolithic fauna abundance, richness, maximum body length and biomass and hypolithic 
patch area.  
SEASON EQUATION F df P 
WET Abundance = 0    
 Abundance = m(hypolithic patch area) + c 2.94 1,44 0.094  
 Abundance = a(hypolithic patch area)2 + b(hypolithic 
patch area) + c 
0.95 2,43 0.334 
DRY Richness = 0    
 Richness = m(hypolithic patch area) + c 0.90 1,73 0.345 
 Richness = a(hypolithic patch area)2 + b(hypolithic patch 
area) + c 
1.50 2,72 0.225 
WET Richness = 0    
 Richness = m(hypolithic patch area) + c 0.75 1,44 0.393 
 Richness = a(hypolithic patch area)2 + b(hypolithic patch 
area) + c 
0.53 2,43 0.472 
DRY Maximum body length = 0    
 Maximum body length = m(hypolithic patch area) + c 0.38 1,73 0.540 
 Maximum body length = a(hypolithic patch area)2 + 
b(hypolithic patch area) + c 
1.09 2,72 0.300 
WET Maximum body length = 0    
 Maximum body length = m(hypolithic patch area) + c 0.10 1,44 0.757  
 Maximum body length = a(hypolithic patch area)2 + 
b(hypolithic patch area) + c 
0.17 2,43 0.679 
DRY Biomass = 0    
 Biomass = m(hypolithic patch area) + c 0.92 1,73 0.341  
 Biomass = a(hypolithic patch area)2 + b(hypolithic patch 
area) + c 
2.14 2,72 0.148 
WET Biomass = 0    
 Biomass = m(hypolithic patch area) + c 0.01 1,44 0.932 
 Biomass = a(hypolithic patch area)2 + b(hypolithic patch 
area) + c 
0.38 2,43 0.538  
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 Appendix 4: Hypolithic fauna abundance under rocks of varying size in the wet season. 
 
Appendix 5: Hypolithic fauna richness under rocks of varying size in the dry (left) and the wet 
(right) season. 
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Appendix 6: Maximum hypolithic fauna body length under rocks of varying size in the dry (left) 
and the wet (right) season. 
 
Appendix 7: Hypolithic fauna biomass under rocks of varying size in the dry (left) and the wet 
(right) season. 
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Appendix 8: Hypolithic fauna richness under rocks of varying size in the absence of baboons. 
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